(3) Aluminum nitrate spectra are dominated by the 303-nm absorption peak, which is a direct function of NO3-concentration. No maximum at 240 nm is observed.
Introduction
The photooxidation of coordination compounds may occur by quite different mechanisms. Bimolecular electron transfer from electronically excited transition-metal complexes to reducing agents has been extensively investigated recently.'V2 Another example is the photooxidation of certain cyanide complexes in aqueous solution accompanied by the production of solvated electron^.^-^ However, the majority of photooxidations of a great variety of transition-metal complexes has been observed in halocarbon solvents; where solvent molecules act as electron acceptor^.^-'^ Although charge-transfer-tosolvent (CTTS) states may be important in some case^,^,^,^ the nature of the photoactive excited states does not seem to be very clear. The present study may contribute to a better understanding of these photooxidations.
For our investigation we selected 1,2-dithiolene complexes"
of Ni, Pd, and Pt. This choice was guided by the following considerations. By a variation of the metal, the dithiolene ligand, and the charge of the complex, its electronic structure can be altered to a great extent. It was expected that such changes would influence the photochemical behavior considerably and lead to a correlation between electronic structure and photoreactivity. Another interesting aspect of the present study is the growing interest in coordination compounds with sulfurcoordinating ligands12 due to their importance in biological any side reaction. In the case of Ni[SZC2(CN),],2-, isosbestic points appeared but were less pronounced, indicating some side reactions. But these side reactions were not important since the quantum yield for product formation and disappearance of the starting complex were equal within 5%.
Results and Discussion
The most interesting aspect of the chemistry of 1,2-dithiolene complexes is the redox behavior because the ligands themselves can undergo consecutive one-electron-transfer processes while the metal may retain its oxidation state. The electronic spectra of 1,2-dithiolene complexes of Ni, Pd, and Pt are very rich.llaJ6-19 The most important orbitals are 2bl, and 3b2,, which are nondegenerate and essentially ligand-localized K o r b t i a l~.~~J~,~' In the neutral complexes with z = 0, 3b, is empty while the lower 2bl, is occupied. The allowed transition 2bl, -3b2, gives rise to an intense absorption band in the near-infrared regions. This transition is still possible when the charges are z = 1-(half-filled 3b,) and z = 1+ (half-filled 2b1,). The corresponding absorption is observed for z = 1-(Experimental Section and Figure 1) . Although cationic 1 ,Zdithiolene complexes are not stable, this absorption band does occur in the spectra of the similar diimine complexes with z = 1+ where the sulfur of the dithiolate is replaced by imino groups NH.'Ob These long-wavelength bands are missing in the spectra of the dianionic complexes'1aJ8J9 ( Figure 1 ) with z = 2-(filled 3b2,). In addition, many other absorptions occur down to a t least 600 nm irrespective of the charge. The assignment of these bands is controversial. They may be of the ligand field (LF), charge-transfer metal to ligand (CTML) and ligand to metal (CTLM), and intraligand (IL) type.14,16,'8,19,21,22 They should occur at widely differing energies depending on the metal, the substituent R at the dithiolene ligand, and the charge I.
Fortunately, the interpretation of our results does not depend on the assignments of the absorption bands since the light sensitivity of those complexes which are photooxidized is es- sentially restricted to wavelengths between 300 and 350 nm regardless of the metal, the substituent R, and the charge z.
While in most solvents, e.g., acetonitrile, all complexes investigated in the present study are not light sensitive, some of them are oxidized with high quantum yields upon irradiation with light of wavelengths 300-350 nm, when dissolved in CHC13 (Table I) . By analogy with other photooxidations in halocarbon solvents, our results are consistent with eq 1,
While the one-electron oxidation product of the complex is stable, the .CHCl2 radical may undergo secondary reactions. The electronic structures and hence the electronic transitions of all complexes which undergo the photooxidation are so different that any common explanation seems to be impossible. However, a careful survey of the published data shows that all photoactive complexes are oxidized at low potentials in the same region (Ell2 = 0.1-0.5 V vs. S C E see Table I ). It follows that the photooxidation is controlled only thermodynamically and occurs regardless of the type and energy of the intramolecular absorption bands displayed by any particular complex. Those complexes which are oxidized at potentials below 0 V are subject to air oxidation'la and were not included in the present study. They are also expected to be photooxidized at irradiating wavelengths longer than 350 nm. Those complexes which are oxidized above 0.5 V, e.g., M[S2C2(CN),12-(M = Ni, Pd, Pt) and M[S2C2(C6H5)2]2 (M = Ni, Pt) were not observed to be photosensitive. They are expected to be photooxidized with light of wavelengths shorter than 300 nm. Unfortunately, CHC1, absorbs in this region.
It is interesting to note that a variety of other complexes which are photooxidized between 300 and 350 nm are also oxidized at potentials between 0.1 and 0.5 V vs. SCE. Some of them are related to the 1,2-dithiolene complexes, and others are completely different (Table 11 ). In some cases these complexes displayed CTTS absorption bands when dissolved in halocarbon ~o l v e n t s .~~~~~ Photooxidation may then be due to light absorption into CTTS bands.
We searched for the presence of CTTS bands by measuring the difference spectra in acetonitrile and CHC1,. In the case of Pt [S2C2(CN)2]22-, careful measurements revealed two new maxima at 318 and 363 nm. For Ni[S2C2(CN)2]22-there was an indication of a less well-pronounced new band around 335 nm. However, all our complexes have very intense intramolecular absorptions ( 6 -20 000) in the 300-350-nm region. Hence any other absorption of much lower intensity may be obscured. In addition, any weak new absorption detected by difference spectroscopy in two solvents may be artificial and due to any unspecified solvent shift. But irrespective of the Experimental erroi 55%.
presence of CTTS bands, most of the light causing photooxidation of the 1,2-dithiolene complexes is certainly absorbed by bands of a different origin. The energy of the CTTS state should depend not only on the redox potential of the complex but also on that of the solvent. The photoactive wavelength region is expected to shift to the red with increasing oxidizing power of the solvent. The photoactive wavelength region is expected to shift to the red with increasing oxidizing power of the solvent. This assumption was confirmed. In addition to CHC13 = -1.67 V vs. SCE26) as solvent, the complex Ni[S2C2(CN),],2-was also photolyzed in CH2C12 = -2.33 V26) and CCl, ( E l l 2 = -0.78 V26). The quantum yield (Airr = 366 nm) of photooxidation increased from 4 = 0.002 in CH2C12 to C # J = 0.01 3 in CHCl, and 4 = 0.07 in CCl,. While 366-nm light leads to a fairly efficient population of the reactive CTTS state in CC14, it is apparently not sufficient to reach this state at higher energies in CH2C12 as solvent. Such a solvent dependence was also observed for the photooxidation of [q5-C5H5Fe(C0)]4. 6 Shirom et al. investigated extensively the photooxidation of cyanide complexes in aqueous solution with concomitant formation of solvated electron^.^ They concluded that in the main pathway the electron is ejected to the solvent from CTTS excited states. These states can be reached by direct light absorption into a CTTS band or by internal conversion from other excited states. Even when a CTTS band was not detected, an efficient production of solvated electrons was observed. Consequently, the quantum yield of photooxidation does not depend on the fraction of light absorbed by a CTTS band. It was suggested that the reaction from the CTTS state is an extremely rapid process which competes successfully with other modes of deactivation. We assume that the same mechanism applies to the photooxidation of 1,2-dithiolene complexes of Ni, Pd, and Pt. The energy of the CTTS state depends only on the redox potentials of the complex and the solvent. It may be populated by an efficient internal conversion from any higher intramolecular excited state. The photooxidation takes place before a deactivation to lower excited states that are nonreactive occurs.
A further point of interest is the observation that the quantum yield of photooxidation increases with decreasing wavelength of irradiation (Table 111 ). This behavior seems to be characteristic for the reactivity of CTTS excited states. Shirom et al. suggested that the electron ejection is rapid enough to occur from higher vibrational levels of the CTTS excited Such a hot excited-state mechanism may account for the observed wavelength dependence.
In addition to the photooxidation starting from CTTS states, it was concluded that also other excited states, particularly of the CTML type, can lead to the release of an electron. 29 These reactions seem to be much slower processes. The photooxidation of isocyanide complexes of Cr, Mo, and W may belong to this ~a t e g o r y .~ Light absorption by the long-wavelength CTML bands (436 nm) of these complexes dissolved in inert solvents is followed by an emission from CTML excited states. In CHCl, this emission was quenched with simultaneous oxidation of the complexes. A further example of this type is apparently the photooxidation of (2,2'-bipyridine)(3,4-toluenedithiolato)platinum(II) in CHCl, following charge-transfer ligand-to-ligand (CTLL) excitation at long wavelength (577 nm).'& It is interesting to note that the similar complex Ni"(phen) [S2C2(C6H5)2] (phen = 1 ,lophenanthroline) is photooxidized in CHC1, only by shortwavelength irradiation (A < 350 nm), while the CTLL band at longer wavelength is not photoactive.IM Compared to the Pt complex, the Ni compound should have L F excited states at much lower energies which can quench the CTLL state. In distinction, the CTTS excited states at higher energies react so rapidly that other lower excited states apparently do nor interfere.
